Object Our objective was to use 7 T MRI to compare cartilage morphology (thickness) and collagen composition (T2 values) in cartilage repair patients and healthy controls. Materials and methods We scanned the knees of 11 cartilage repair patients and 11 controls on a 7 T MRI scanner using a high-resolution, gradient-echo sequence to measure cartilage thickness and a multi-echo spin-echo sequence to measure cartilage T2 values. We used twotailed t tests to compare cartilage thickness and T2 values in: repair tissue (RT) versus adjacent cartilage (AC); RT versus healthy control cartilage (HC); AC versus HC. Results Mean thickness in RT, AC, HC were: 2.2 ± 1.4, 3.6 ± 1.1, 3.3 ± 0.7 mm. Differences in thickness between RT-AC (p = 0.01) and RT-HC (p = 0.02) were significant, but not AC-HC (p = 0.45). Mean T2 values in RT, AC, HC were: 51.6 ± 7.6, 40.0 ± 4.7, 45.9 ± 3.7 ms. Differences in T2 values between RT-AC (p = 0.0005), RT-HC (p = 0.04), and AC-HC (p = 0.004) were significant.
Introduction
Over the last two decades, there has been remarkable progress in the field of cartilage restoration procedures. A wide variety of surgical techniques are now available to treat patients with symptomatic, focal cartilage defects including microfracture, osteochondral autografting, osteochondral allografting, matrix assisted autologous chondrocyte implantation, and juvenile cartilage cell implantation [1] [2] [3] [4] [5] . There has been a call for randomized, prospective studies comparing the effectiveness and outcomes of these different procedures so that evidence-based treatment decisions can be made [6] . Currently, the choice of treatment is guided by patient goals and expectations, the presence of concomitant injuries, history of prior treatment, and cartilage defect size, depth, and location [7] .
There is a critical need to objectively assess cartilage repair tissue quality, which may serve as a marker for surgical and clinical outcomes in longitudinal patient studies [8] . Though not routinely performed for patient follow-up, the only true gold standard for assessment of repair tissue quality is arthroscopy with mechanical probing and biopsy for histologic analysis [8] . Magnetic resonance imaging (MRI) offers an attractive, noninvasive alternative to quantitatively assess the status of repair tissue, both in terms of its morphology and its biochemical composition.
The recent arrival of ultra high field, 7 T MRI scanners offers promise for improved evaluation of cartilage structure and physiology [9] [10] [11] . Because image signal-to-noise ratio (SNR) scales approximately linearly with the magnitude of the main magnetic field, the ''extra'' SNR available at 7 T can be converted into increases in image spatial resolution or scanning speed [12] . This is beneficial for MRI of cartilage, since it is a tissue only 1-4 mm thick and long scan times are required in order to obtain images of cartilage with high resolution. In a recent article by Pepin et al. [13] published in the American Journal of Sports Medicine, there was a strong correlation between 7 T MRI measurements of cartilage thickness and histologic measurements of cartilage thickness in a canine model of joint degeneration. The authors concluded that 7 T MRI offers an alternative to histology for the detection of early cartilage degeneration and the evaluation of osteoarthritis treatments.
While many 3 T MRI studies of human cartilage repair patients exist, there are only a handful of studies of human cartilage repair patients using 7 T MRI. Trattnig et al. [14] used sodium MRI at 7 T to evaluate 12 patients after matrix-assisted autologous chondrocyte implantation and found that sodium signal intensity (and thus proteoglycan content) within repair tissue was lower than in native cartilage. Schmitt et al. [15] used both glycosaminoglycan chemical exchange saturation transfer and sodium MRI at 7 T and found evidence for lower cartilage proteoglycan content in patients after both microfracture and matrixassisted autologous chondrocyte transplantation. And Chang et al. [16] used a sodium inversion recovery pulse sequence at 7 T to evaluate eleven patients after cartilage repair procedures and also found that sodium concentration in repair tissue was lower than sodium concentration within adjacent cartilage and within cartilage from the non-surgical knee compartment. While sodium MRI of cartilage repair tissue has been performed at 7 T, only one prior study has used 7 T MRI to quantify and compare cartilage thickness and T2 values (marker of collagen architecture) in the knees of four cartilage repair patients and 12 healthy controls in vivo. In this 7 T study Welsch et al. [17] did not find global differences in T2 values in repair tissue compared to healthy cartilage. However, this may have been due to the low number of cartilage repair patients in their study.
With this as background, the goal of this study was to use 7 T MRI to perform both high resolution anatomic imaging and quantitative assessment of collagen architecture (T2 mapping) in cartilage repair patients and healthy controls in vivo. T2 mapping is an accepted method to quantitatively assess cartilage collagen architecture in vivo [18, 19] . Indeed, it is included in the MRI protocol for the Osteoarthritis Initiative, the longitudinal National Institutes of Health-funded, multicenter study of degenerative osteoarthritis [20] . We hypothesized that 7 T MRI would allow us to detect differences in the morphology (thickness) and collagen architecture (T2 values) of cartilage repair tissue compared to: (1) cartilage adjacent to the repair tissue and (2) cartilage in healthy controls.
Materials and methods

Subject recruitment
This study had institutional review board approval, and we obtained written informed consent from all subjects. We recruited 11 consecutive patients status post cartilage restoration procedure from an orthopaedic surgery practice (eight men, three women, mean age = 36.5 ± 14.9 years). The types of procedures included: displaced osteochondral fragment reattachment (n = 1), osteochondral allograft (n = 1), synthetic resorbable graft placement (OBI, n = 1), juvenile cartilage cell implantation (DeNovo, n = 2), microfracture (n = 3), matrix assisted autologous chondrocyte implantation (Carticel, n = 3). At the time of the MRI scan, the mean follow-up interval was 12.3 ± 10.9 months (range 3-30 months). We also recruited and one-to-one matched 11 healthy controls without history of knee trauma, surgery, inflammatory or metabolic disorder, or medication use (eight men, three women, mean age = 32.6 ± 5.9 years).
MRI scanning
We scanned the surgically-operated knee of patients and a randomly selected knee of healthy controls on a 7 T whole body MR scanner (Siemens, Erlangen, Germany) using a 28 channel receive array coil (Quality Electrodynamics, Mayfield Village, Ohio). For each patient, we manually calibrated the transmit power to account for differences in knee sizes and maintain equivalent excitation. For morphologic imaging, we used a three-dimensional fast lowangle shot sequence (3D-FLASH, TR/TE = 20 ms/5.1 ms, 0.234 mm 9 0.234 mm 9 1 mm, 80 sagittal or axial images (axial images were obtained for cartilage repair at the patella), parallel acceleration factor = 2, acquisition time = 7 min 9 s). This T1-weighted, fat suppressed, gradient-echo sequence is considered ideal for quantitative assessment of cartilage morphology [21] . For cartilage T2 mapping, we used a multi-echo spin-echo sequence (MESE, TR/TE = 3,000 ms/15, 30, 45, 60, 75, 90 ms, 0.586 mm 9 0.586 mm 9 2 mm, 6 sagittal or axial slices, parallel acceleration factor = 1, acquisition time = 6 min 29 s) similar to the T2 mapping sequence employed in the Osteoarthritis Initiative MRI protocol [20] .
Measurement of cartilage thickness and T2 values
A musculoskeletal radiologist identified the cartilage repair site for each patient on the MR images. The radiologist also confirmed the location of the repair site with arthroscopy reports from each patient's procedure.
To measure cartilage thickness, we uploaded 3D-FLASH images to a computer workstation (Siemens, Erlangen, Germany). Since semiquantitative assessment of repair tissue thickness (complete, incomplete [50 %, incomplete \50 %, subchondral bone exposed) is a metric used by orthopaedic surgeons and radiologists to assess the outcome of a repair procedure [22] , we chose to measure the smallest repair tissue thickness because we felt that this would most accurately reflect the outcome of the procedure. Under the guidance of a musculoskeletal radiologist, we used electronic calipers to measure the smallest thickness of cartilage repair tissue, cartilage adjacent to the repair tissue (on the same sagittal slice), and the cartilage of healthy controls (this was measured in the same compartment/anatomic location as the repair tissue). For healthy controls, we measured cartilage thickness in the same anatomic location as one of the repair sites.
To measure cartilage T2 values, we uploaded MESE images to MATLAB (Mathworks, Natick, MA). We obtained color cartilage T2 maps using the equation ln((S(TE)/S 0 ) = (-TE/T2) ? C), where S(TE) is the measured SI of the image at a given TE, S 0 is the signal at the shortest TE, and C is the intercept. We used a weighted linear least squares fit for the monoexponential decay equation [23] . Under guidance of the musculoskeletal radiologist, we manually drew a region of interest around the cartilage repair tissue in a patient, and we drew identically-sized regions of interest around adjacent cartilage tissue in the patient, and cartilage from a healthy control in the same compartment/anatomic location as the repair site. We calculated the T2 value within each region of interest, and as in prior studies, we excluded the first echo from the multi-echo spin-echo sequence because this has been shown to minimize error in T2 values due to stimulated echoes [24, 25] .
Statistical analysis
We used two-tailed t tests (SPSS 18.0, Somers, New York) to compare mean cartilage thickness and mean T2 values between: (1) repair cartilage and adjacent cartilage, (2) repair cartilage and cartilage from healthy controls, and (3) adjacent cartilage and cartilage from healthy controls. We considered a p value \0.05 to represent a statistically significant difference. Figure 1 shows a representative 7 T high resolution 3D-FLASH image and T2 cartilage map from a healthy control. Figures 2, 3 , 4, 5, 6 and 7 show high resolution 3D-FLASH images and T2 maps from patients with the different types of cartilage repair procedures included in this study: displaced osteochondral fragment reattachment (Fig. 2) , synthetic resorbable graft placement (Fig. 3) , osteochondral allografting (Fig. 4) , microfracture ( Fig. 5 ), juvenile cartilage cell implantation (Fig. 6) , and matrixassisted autologous chondroycte implantation (Fig. 7) .
Results
Representative 7 T MR images of the repair procedures
Thickness of repair tissue compared to adjacent cartilage and healthy control cartilage
The thicknesses of repair tissue, adjacent cartilage, and healthy control cartilage for each subject is listed in Table 1 . Mean cartilage thickness in repair tissue, adjacent cartilage, and healthy control cartilage were: 2.2 ± 1.4, 3.6 ± 1.1, and 3.3 ± 0.7 mm, respectively. Differences in thickness between repair tissue and adjacent cartilage (p = 0.01) and between repair tissue and healthy control cartilage (p = 0.02) were statistically significant (Fig. 8a) .
Differences in thickness between adjacent cartilage and healthy control cartilage (p = 0.45) were not significant (Fig. 8a) . The T2 values of repair tissue, adjacent cartilage, and healthy control cartilage are listed in Table 1 . Mean T2 values in repair tissue, adjacent cartilage, and healthy control cartilage were: 51.6 ± 7.6, 40.0 ± 4.7, and 45.9 ± 3.7 ms, respectively. Differences in T2 values between repair tissue and adjacent cartilage (p = 0.0005), between repair tissue and healthy control cartilage (p = 0.04), and between adjacent cartilage and healthy control cartilage (p = 0.004) were all significant (Fig. 8b) .
Discussion
We have used ultra high field, 7 T MRI to perform high resolution, morphologic imaging and T2 mapping of cartilage in cartilage repair patients and healthy controls. 7 T MRI detected significant differences in thickness and T2 values in repair tissue compared to adjacent cartilage and in repair tissue compared to cartilage from healthy controls. Although normal in thickness, cartilage adjacent to repair tissue demonstrated significantly different T2 values compared to cartilage from healthy controls. Longitudinal studies are needed to determine whether such altered collagen architecture/water content in cartilage adjacent to Over the last few years, there have been an increasing number of publications describing the benefits of ultra high field 7 T MRI for imaging of the musculoskeletal system [9, 11, [26] [27] [28] [29] [30] [31] . Because SNR scales approximately linearly with the magnitude of the main magnetic field, scanning at 7 T provides more than twofold and fourfold the SNR compared to scanning at 3 T and 1.5T (conventional field strength), respectively [11, 12] . The greater SNR of 7 T can be converted into increases in image spatial resolution, since image voxel size is directly proportional to SNR [12] . Alternatively, the greater SNR of 7 T can be used to decrease image acquisition times while maintaining the same image quality compared to 1.5 or 3 T either by decreasing the number of signal averages or by employing parallel imaging if a multichannel coil is used [9, 32, 33] . Although decreasing the number of signal averages or using parallel imaging incurs SNR losses, 7 T allows the use of these techniques because of the greater baseline intrinsic SNR available. This is all beneficial for cartilage imaging, since: (1) higher resolution images facilitates the detection of smaller morphologic cartilage defects and improves measurement precision [21] and (2) faster scanning will decrease the risk of motion artifact on images, which is critical when assessing a tissue that is only a few millimeters thick.
In this study, we used 7 T MRI to obtain high resolution morphologic images of cartilage (voxel size = 0.053 mm 3 ) with total knee joint coverage in 7 min and 9 s. In comparison, previous morphologic cartilage imaging studies performed at 1.5 and 3 T have used 47-350 % larger voxel sizes of 0.078-0.72 mm 3 ) with greater than 50 % longer scan times of approximately 12 min [21] . The higher SNR of 7 T allowed us to obtain these higher resolution images with a shorter scan time compared to 1.5 or 3 T. Because parallel imaging does incur an SNR penalty, which can render images lower in quality, we did not use a higher parallel acceleration factor greater than 2. It has been shown that at a parallel acceleration factor of 2 with a 28 channel knee coil at 7 T, the SNR is approximately equivalent to that obtained with a quadrature knee coil at 7 T [33] .
Semiquantitative assessment of repair tissue thickness (complete, [50 % thickness, \50 % thickness, exposed subchondral bone) is a metric used by radiologists and orthopaedic surgeons to assess the outcome of a cartilage repair procedure [22] . The ideal outcome of a cartilage repair procedure is to obtain full-thickness repair tissue that completely fills a cartilage defect compared to the surrounding adjacent cartilage. We were able to quantify and detect decreases in the thickness of repair tissue compared to: (1) cartilage adjacent to the repair tissue and (2) normal cartilage from the same anatomic location in a healthy control. The ability to quantify and detect such differences using high-resolution 7 T MRI suggests that 7 T MRI can serve as a quantitative means to assess and monitor surgical outcome after cartilage repair procedures. We were not able to detect differences in the thickness of cartilage adjacent to repair tissue compared to normal cartilage in a healthy control. This suggests that the cartilage adjacent to the repair tissue is similar, at least on a macrostructural level, to cartilage from the healthy control. However, as discussed below, on the biochemical level, we found that the cartilage adjacent to repair tissue had different collagen and water content (based on different T2 values) compared to normal cartilage from healthy patients.
As mentioned previously, only a handful of studies have used 7 T MRI to study cartilage repair patients in vivo. However, our finding that T2 values are higher in repair tissue compared to adjacent cartilage is in line with the results of previous studies of cartilage repair patients performed at 3 T in vivo. In 20 patients status post matrixassisted autologous chondroycte implantation studied at 3T, Welsch et al. [14] [15] [16] [17] found that T2 values of repair tissue were higher than those of native cartilage and that there were differences in T2 values depending on whether a collagen-based or hyaluronan-based scaffold was used [34] . Mamisch et al. [35] found that T2 values were higher in repair tissue compared to native cartilage when patients mechanically loaded their knees within a 3 T MRI scanner. Altogether, the higher T2 values in repair tissue compared to native cartilage likely reflect differences in collagen architecture, water content, and thus the biomechanical properties of repair tissue compared to native cartilage.
The finding that cartilage adjacent to repair tissue demonstrates different T2 values (and thus altered collagen architecture) compared to healthy cartilage is supportive of the results of prior synovial fluid and ex vivo histology studies, which have shown that the trauma to the articular surface results in: (1) release of collagen from the extracellular matrix into synovial fluid [36] and (2) a gradient of chondrocyte damage along the articular surface, with nonviable chondrocytes at the injury site and increasing numbers of viable chondrocytes further from the injury site [37] . Chondrocyte death would also contribute to decreased collagen content and abnormal extracellular matrix physiology in native cartilage surrounding the injury/repair site. This in turn would alter T2 values in the matrix of surrounding native cartilage. In this study, cartilage adjacent to repair tissue demonstrated lower T2 values compared to healthy cartilage from controls. This may reflect lower water content and greater compressibility of the cartilage adjacent to repair tissue [38] [39] [40] . This study has limitations. First, the number of subjects is low. However, as an initial feasibility study at 7 T, the number of subjects was sufficient to demonstrate significant differences between groups. Second, there was heterogeneity in the types of repair procedures performed, and thus the types of repair tissues being assessed. Therefore, the results of this study cannot be viewed as definitive because we cannot exclude the possibility that variation in the types of repair procedures accounts for the results. We chose, however, to image patients as they were consecutively referred to us by orthopaedic surgery in order to more accurately reflect clinical practice. In addition, the presence of heterogeneity in the patient population would likely only make it more difficult for 7 T MRI to detect differences between groups. Third, there was also heterogeneity in the follow-up intervals for the patients. This would also contribute to variation in the maturity and types of the repair tissues assessed. Because T2 values of repair tissue depend on the length of the follow-up interval, the heterogeneity in follow-up times in our study may have skewed our results. However, variation in follow-up interval would likely only make it more difficult for 7 T MRI to detect significant differences between groups. Fourth, it can be difficult to segment synovial fluid from cartilage tissue on the 3D FLASH images and T2 maps. We did try to mitigate the potential for this error by having a dedicated musculoskeletal radiologist oversee all of the segmentations. Fifth, we did not perform a zonal evaluation of cartilage T2 values in this study. We did initially desire to do this; however, because most of the repair tissue was partial thickness, we felt that our ability to accurately segment superficial and deep layers of repair tissue would be limited. Finally, 7 T MRI scanners are only available at handful of academic medical centers in the United States. However, there has been increasing annual demand for 7 T MRI scanners worldwide [12] . Furthermore, when 3 T MRI scanners were introduced approximately 15 years ago, they were also not widely available. 3 T MRI is now becoming the standard-of-care for musculoskeletal imaging as the diagnostic benefits become more evident [41, 42] .
Conclusion
In conclusion, we have used 7 T MRI to quantify and compare cartilage thickness and T2 values in cartilage repair patients and healthy controls. 7 T MRI detected differences in tissue thickness and T2 values in repair tissue compared to native adjacent cartilage and in repair tissue compared to cartilage from healthy controls. In addition, although native cartilage adjacent to repair tissue was normal in thickness, it demonstrated lower T2 values compared to cartilage from healthy controls. This may reflect a normal postoperative due to decreased water content/greater compressibility, but the possibility of an early degenerative process cannot definitely be excluded. In the future, 7 T MRI can be used as a tool to objectively evaluate the structure and physiology of cartilage repair tissue and native adjacent cartilage. This will be valuable for future prospective clinical trials of cartilage repair procedures, in which quantitative metrics of joint health are needed in order to compare the outcomes and effectiveness of different surgical techniques.
